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The triazines are one of the most widely used herbicide classes ever developed, and play a role in 
managing herbicide-resistant weed populations in sustainable agricultural production systems. 
The triazines are traditionally valued for their persistence and season-long weed control in over 
50 crops including corn, soybeans, wheat, and vegetables. The literature suggests that atrazine, 
the most widely used triazine, may no longer remain persistent in soils due to enhanced 
microbial degradation. Experiments examined the rate of degradation of atrazine and two other 
triazine herbicides: simazine and metribuzin in both atrazine adapted and non-adapted soils from 
across the United States. Additional studies examined the rate of atrazine dissipation in flooded 
and non-flooded soils, as well as soils with varying history of atrazine use. In soils with a history 
of atrazine use, the t1/2 [half-life] of atrazine was up to 40 times more rapid than in soils with no 
history of atrazine use. Simazine t1/2 was at least 2.4-15 times more rapid in history soils than 
non-history soils, and metribuzin was degraded at 0.6, 0.9, and 1.9 times the rate in the same 
soils. These results indicate cross-enhancement of the symmetrical triazine simazine, but not for 
metribuzin, an asymmetrical triazine. In soils with 3, 5, and 10 years of previous atrazine use, 
atrazine t1/2 was 2.66, 4.44, and 2.14 respectively, indicating that atrazine adapted soils may 
develop rapidly. Finally, atrazine dissipation in flooded and non-flooded soils appears rapid, 
indicating that soybeans are a viable option when replanting production con fields previously 
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The triazine herbicides are undoubtedly one of the most important classes of agricultural 
chemicals ever developed. Since their initial introduction over 60 years ago, the triazines have 
been a vital component of weed control programs in more than 50 crops worldwide including 
corn, soybeans, and small grains. The selectivity of these herbicides along with their soil 
persistence helped pave the way for no-till sustainable agriculture in North America, and also 
contributed to the rise in crop yields in the past half century (Lebaron et al., 2008). The triazines 
also have a flexible range of application timings from PRE to POST, and may also be tank mixed 
with a variety of other herbicides to ensure broad spectrum weed control (Shaner, 2014). 
Triazines act as photosystem II inhibitors and have been used PRE to aid in the management of 
herbicide resistant weeds in recent years, proving that this herbicide family is as important today 
as it was decades ago. Scrutiny over the environmental fate of the triazines, particularly atrazine, 
has made many question their registration status (Barbash et al., 2001; Belluck et al., 1991; 
Dabrowski et al., 2014; Hayes et al., 2002; Hayes et al., 2010). As a result, atrazine is no longer 
sold in the European Union, and is often the subject of special investigations by the EPA and 
other organizations. Many studies involving triazine risks to the environment have been heavily 
challenged, resulting in their continued use worldwide.  
 The discovery and initial development of the triazine herbicides took place from the 
1950s to 70s in the labs of J.R. Geigy, Ltd. These compounds were built around a triazine ring 
since it had previously been shown to offer weed control potential. The triazine herbicides work 
to inhibit photosystem II within organisms with oxygen-evolving complexes (including plants) 





encoded on the psbA gene. By shutting down the flow of electrons within the plant, the triazines 
result in eventual plant death. Of the early triazines, simazine (now marketed as Princep® and 
several others) was the first to be registered in the United States in 1957, with atrazine following 
shortly thereafter in 1958 (Lebaron et al., 2008). The original registrations for the early triazines 
such as atrazine and simazine listed control of broadleaf weeds in non-crop areas and corn. There 
are now more than 15 triazines (including triazinones) labeled for use in more than 50 crops and 
controlling countless weed species. The widespread use of these triazines is likely a result of 
their selectivity, flexibility of use, as well as their persistence in soils. This persistence allows 
one or two applications to provide season-long weed control of many otherwise difficult to 
control weeds such as Palmer amaranth (Amaranthus palmeri), kochia (Kochia scoparia), and 
the morningglories (Ipomoea sp.). This makes the triazines an important part of modern 
production agriculture as they are a vital tool in combatting the rise of herbicide-resistant weeds 
(Norsworthy et al., 2008). 
 Along with arguments for the importance of triazines, and despite the numerous studies 
confirming the safety of the triazines, many critics have also worked to illuminate the risks 
involved with widespread use of the triazines, namely atrazine. Early in the twentieth century, 
published studies concerning the effect of atrazine on the reproductive development of frogs 
were a major point of focus for the EPA (Hayes et al., 2002; Hayes et al., 2010). Since atrazine 
has been so heavily used in the Mississippi River watershed, new concerns were raised about 
levels of chronic exposure to triazines and their subsequent health effects on humans and other 
organisms. Despite numerous studies on the effects of atrazine found in surface water, the 
amounts detected were not shown to pose a human health risk, or disruption of aquatic 





reports of atrazine degradation by numerous microbial species, it appears that atrazine comes 
with far more benefits than risks (Mandelbaum et al., 1995; Radosevich et al., 1995). 
 Beginning in the 1960s, it was recognized that triazines were degraded by microbes as 
well as by photolysis and hydrolysis (Armstrong et al., 1967; Skipper et al., 1967). As early as 
1963, it was known that soil microorganisms were capable of degrading simazine in a number of 
soils (Kaufman et al., 1963). In the mid-1990s, the classification of a number of triazine-
degrading bacteria began to surge (Mandelbaum et al., 1995; Radosevich et al., 1995). Anecdotal 
reports about the reduction of triazine persistence continued through the late 1990s and early 
2000s, but in the last decade have again risen to the forefront of research efforts. 
With the waning of the glyphosate era, it seems that enhanced atrazine degradation is 
again in the spotlight. Studies by (Krutz et al., 2010a; Krutz et al., 2010b; Shaner and Henry, 
2007; Shaner et al., 2007) have shown enhanced triazine degradation in Colorado and 
Mississippi. It is likely that reduced residual weed control of the triazines was simply covered up 
by the introduction of broad spectrum weed control with glyphosate. As glyphosate resistance 
has increased in the last decade, producers are more likely to notice that the triazines are not 
controlling weeds as long as they remember. This could also be due to producers and researchers 
having higher expectations for the triazines after experiencing the remarkable weed control 
provided by glyphosate.  Regardless of the mechanism, it is clear that in many parts of the U.S., 
producers are going to need to rely on multiple modes of action, including the triazines, to 
manage herbicide-resistant weeds. It is important to understand not only the breadth of enhanced 
triazine degradation, but also the practical implications that this phenomenon holds for 






Objectives and Hypotheses 
 A diversity of studies were designed to address questions regarding triazine degradation 
in soils. The focus is primarily on the phenomenon known as enhanced triazine degradation – a 
process by which the repeated application of triazines builds up populations of microorganisms 
capable of more rapid degradation of the herbicides, thereby, impeding the ability of triazines to 
provide residual weed control. Soils with this characteristic degradation are referred to as 
‘triazine-adapted soils’ (Krutz et al., 2009; Krutz et al., 2008; Zablotowicz et al., 2007 ). The aim 
of the first study is to determine how widespread atrazine (a triazine) degradation is across the 
United States by sampling soils from 16 states. The next study will utilize similar methods to 
quantify atrazine metabolites in the soil and answer the question of how many repeat applications 
of atrazine are required before enhanced degradation is observed. A third study will sample soils 
from three states to determine if simazine and metribuzin (other triazines) are more rapidly 
degraded in triazine adapted soils. A final study will attempt to analyze the dissipation of 
atrazine in flooded soils. 
 Our hypothesis in regard to the first study is that enhanced atrazine degradation will be 
widespread across all states tested, primarily due to the large quantities of atrazine used in those 
regions. For the second study, we propose that enhanced atrazine degradation will occur after 
only one or two prior applications of atrazine are made. We hypothesize that simazine will 
degrade more rapidly in adapted soils due to a similar chemical structure to atrazine, while 
metribuzin will not be degraded more rapidly due to the difference in the position of nitrogen 







Materials and Methods 
Laboratory experiments will be conducted in the Weed Science Lab located in the Plant 
Biotechnology Building at the University of Tennessee, Knoxville. Field experiments will be 
conducted at the East Tennessee Research and Education Center (ETREC) located in Knoxville, 
Tennessee. Results from all studies will be collected and analyzed using Statistical Analysis 
Systems (SAS) and Sigmaplot 13.2 
 The first project will examine soil from fields with either 0 or 5 or more continuous years 
of atrazine (ATZ) use. The objective of the study is to determine if enhanced ATZ degradation is 
a widespread phenomenon.  
The factor of interest is the microbial population and activity in the soil, so the guiding 
principle for the sampling process is to maintain microbial populations. Field cooperators 
throughout the corn-growing regions of the U.S. will be asked to collect soil samples. The field 
selection criteria involves collecting soil specifically from producer’s fields. Two types of soil 
samples will be requested. The paired field sites have either continuous ATZ use in the previous 
five years (denoted as “history” soil), or no ATZ use in the previous 10 to 20 years (denoted as 
“no-history”). The soil sample collection procedure will involve standardized forms for all 
cooperators and a chain of custody to be maintained through the entire sample collection, shipping, 
processing, and lab analysis. Soil samples from the field cooperators will be dried and shipped to 
MidWest Labs in Omaha, Nebraska for characterization of various soil parameters, including 
nutrient levels, OM, and texture. 
A portion of each soil sample (~ 400 g) will be saturated and drained to simulate field 
capacity prior to beginning the experiment. To conduct the assay 5 grams of each soil will be 





The lab assay methods to be used are adapted from (Mueller et al., 2010). Soils will be fortified 
with a field rate of ATZ and allowed to equilibrate. Samples will be placed into a freezer at -1, 0, 
3, 7, 14, 21, 28 and 42 DAT (days after treatment). Samples within an experiment will be 
analyzed by adding methanol, shaking, filtration, and analysis via LC-MS. Once the 
concentration of each sample is determined, the ATZ concentration in µg kg-1 will be regressed 
against DAT using first-order kinetics by Sigmaplot v12.5. A first-order rate constant will be 
determined and a half-life in days (t1/2) will be calculated using the equation 0.693/k = t1/2. ATZ 
history soils will be compared to those with no previous ATZ history.  
The second project will utilize the same methods previously described on soils from three 
states, and with atrazine use histories of 0, 3, 5, and 10 years in order to determine the speed at 
which adapted soils develop. ATZ metabolites will also be examined to determine the process by 
which ATZ is being degraded. 
Similarly, the third experiment will utilize the same methods as previously described, with 
the exception that simazine and metribuzin analytical standards will be degraded and quantified. 
The aim here is to compare atrazine degradation to that of simazine and metribuzin in adapted 
soils. 
The fourth experiment will aim to determine the effect of flooding on the dissipation of 
atrazine in soils. A 2x3 factorial split-plot design will be used with two levels of flooding (flooded 
and not flooded) with three atrazine rates (0, 2.2, and 4.5 kg/ha). Berms will be built to contain the 
water for the flooding treatments for 5 days, and all plots will receive 2.5 cm via irrigation to 
activate atrazine applications. After the berms have been removed, soybeans will be planted into 
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BACKGROUND: Atrazine (ATZ) has been a key herbicide for annual weed control in corn, with 
both a soil and postemergence vegetation application period.  Although enhanced ATZ degradation 
in soil with a history of ATZ use has been reported, the extent and rate of degradation in the U.S. 
Corn Belt is uncertain. We show that enhanced ATZ degradation exists across much of the country. 
RESULTS: Soils from 15 of 16 surveyed states had enhanced ATZ degradation. The average ATZ 
half-life was only 2.3 days in ATZ history soils compared with an average 14.5 days in soils with 
no previous ATZ use, meaning ATZ degrades an average of 6 times faster in soils with previous 
ATZ use. CONCLUSION: When ATZ is used for several years, enhanced degradation will 
undoubtedly change the way ATZ is used in agronomic crops and also its ultimate environmental 
fate. 
 














During the past 50 years, the herbicide atrazine [6-chloro-N-(1-methylethyl)-1,3,5-triazine-
2,4-diamine] (ATZ) has been used worldwide in corn production for broad spectrum control of 
annual weeds and is second only to glyphosate (e.g., Roundup®) in the amount of active ingredient 
applied in the United States (U.S.) each year. 1 With nearly 32 million kg applied annually in the 
U.S. and a net economic benefit of over $2.9 billion annually, ATZ has been the subject of 
numerous intensive studies.2, 3 These studies have often focused on its effectiveness as an herbicide 
as well as addressing putative environmental and toxicological risks associated with ATZ use.1, 4-
8 These risks include contamination of water on every continent except Antarctica, endocrine 
disruption in animals from frogs to fish, and human exposure.4-6, 9-20 
ATZ is recognized as an effective herbicide that provided season-long weed control with a 
half-life of up to 60 days after treatment (DAT) within the soil. 21-23 Current ATZ labels warn 
against planting sensitive crops until the following year after ATZ application, suggesting the 
continued persistence of ATZ in some fields.24, 25 Alternatively, current peer-reviewed literature 
indicates that repeated use of ATZ over successive crop seasons can result in reduced weed 
control.26, 27 This effect is believed to be caused primarily by a more rapid ATZ degradation via 
soil microbes.28-31 The ability of microbes to use ATZ and other s-triazines as a carbon or nitrogen 
source has long been known. It is often the composition of microbial species as well as total 
microbial biomass in soils and water that dictates the rate of ATZ degradation.30-37 Due to the 
widespread and nearly continuous use of ATZ since the 1950’s, the potential exists for ATZ to 
degrade more rapidly in soil than when first introduced. If ATZ degradation is enhanced in most 
regions where corn is produced, residual activity will not be as long and the potential for 





providing greater flexibility in use, as well as reduce environmental concerns associated with ATZ. 
Alternatively, if no enhancement exists, then environmental risks remain present in some 
circumstances, which is also valuable information. The question, posed by Krutz et al.38, “how 
widespread is enhanced s-triazine degradation?” remains to be answered. Moreover, what are the 
potential benefits and consequences if ATZ is no longer as persistent within soils? The objective 
of this study was to conduct a national survey of U.S. corn-producing states where ATZ is used to 
determine the scope and extent of enhanced ATZ degradation due to previous ATZ use. 
 
Materials and Methods 
This project examined only soil from fields with either 0 or 5 or more continuous years of 
ATZ use. The objective of the study was to determine if enhanced ATZ degradation is a 
widespread phenomenon, and not to determine how many years of exposure are needed for the 
enhancement. Another factor not considered is the ATZ use rate, which varies depending on the 
region of the country, soil type, and crop rotation. We hypothesize that the farther north the field 
site, the less likely is ATZ degradation enhancement. This would conceivably be due to greater 
ATZ persistence, cooler soils, different microbial species or populations, or other factors. 
The actual factor of interest is the microbial life in the soil, so the guiding principle for the 
sampling process was to maintain the microbial populations. Field cooperators throughout the 
corn-growing regions of the U.S. were contacted to collect soil samples. The field selection criteria 
involved collecting soil only from farmer’s fields. Two types of soil samples were requested. The 
“paired” field sites had either continuous ATZ use in the previous five years (denoted as “history” 
soil), or no ATZ use in the previous 10-20 years (denoted as “no-history”). These paired sites were 





procedure involved standardized forms for all cooperators and a chain of custody was maintained 
through the entire sample collection, shipping, processing, and lab analysis. Steps were taken in 
field sampling to avoid artifacts due to sampling error and samples were collected in the surface 0 
to 8 cm soil depth zone. Once collected, samples were stored at ~ 4C prior to analysis. All soils 
were shipped overnight to Knoxville, TN for analyses. Once soil samples from the field 
cooperators were received, a sub-sample of each soil was dried and shipped to MidWest Labs in 
Omaha, Nebraska for characterization of various soil parameters, including nutrient levels, OM, 
and texture. 
The antecedent soil moisture varied widely among the soil samples that were received. 
Some were very dry, and others were saturated. Given the importance of soil moisture on ATZ 
degradation, the following procedure to “normalize” soil moisture was used. A portion of each soil 
sample (~ 400 g) was placed into a 500 mL Styrofoam Squat cup in which 5 holes had been placed 
in the bottom of the cup. Water (~200 mL) was added to each sample to saturate the soil, and then 
the soil was allowed to drain for 24 hours. To conduct the assay ~5 grams of each soil was placed 
into 20 mL glass vials (16 for each soil) for later ATZ fortification. This procedure established 
each soil at a moist, near field-capacity status. There was no supplemental nitrogen added to each 
soil, since nitrogen status in the soil can affect the subsequent ATZ degradation.39 Since the soils 
were sampled prior to ATZ application (> 200 d since last ATZ application), the concentrations in 
each soil were low or not present at all.  
The lab assay used methods previously described.40 Soil fortification began with ~5 g soil 
placed into a 20 mL vial and then fortified with an aqueous ATZ solution. The vial was then 
incubated at a 22 C. The ATZ concentration at the time of fortification was 2200 ppb, which 





placed into a freezer at -1, 0, 3, 7, 14, 21, 28 and 42 DAT (days after treatment). The -1 DAT 
sample was not fortified with ATZ so as to quantify any residual ATZ or metabolites. Each vial 
was stored and all samples within an experiment were analyzed at the same time by adding 
methanol, shaking, filtration, and analysis via LC-MS.40 The lab analysis quantified ATZ parent 
and the three major metabolites [hydroxyatrazine (HA), deethylatrazine (DEA), and 
deisopropylatrazine (DIA)] simultaneously, with adequate ATZ recoveries (> 85%). Given that all 
soils were loaded with identical amounts of ATZ, any recovery issues for the parent would be 
readily apparent. Once the concentration of each sample was determined, the ATZ concentration 
in ppb was regressed against DAT using first-order kinetics by Sigmaplot v13.2. The analysis 
determined a first order rate constant, and a half-life in days (t1/2) was calculated using the equation 
0.693/k = t1/2. After determination of ATZ half-lives, the t1/2 of ATZ history soils was compared 
to those with no previous ATZ history. The formula: t1/2 (no-history) / t1/2 (history) = EF yielded 
an enhancement factor (EF). This EF is used to determine the level of enhanced ATZ degradation 
when compared to no-history soils. Enhancement factor ranges of <1.7, 1.7-3.5, and >3.5 were 
established to provide an idea of where enhanced ATZ degradation was most apparent. These 
ranges were based on the assumption that a soil with an EF of >3.5 has a microbial population 
which will rapidly degrade ATZ, therefore ATZ residual will be minimal or non-existent. Soils 
with an EF of >1.7 (70% or more decrease in residual ATZ) may have noticeable enhanced 
degradation, but ATZ still maintains some of the original activity.24, 25 Statistics were conducted 
using PROC CORR in SAS v9.4 to relate the t1/2 of ATZ herbicide back to previous ATZ use on a 
given soil. All correlations tested are shown, but only those which were of interest based upon 







Soil samples were collected from multiple locations in 16 states across the U.S. Corn Belt (Fig. 
1) to determine the half-life of the herbicide ATZ based upon previous ATZ use (either no use or 
use for 5+ consecutive years). Results show that the half-life of ATZ in soils is correlated (r = -
0.56, p < 0.0001) with previous ATZ use (Table 1). All other parameters tested had weak 
correlations (r ≤ 0.3). Enhanced degradation is present in nearly all tested soils with previous 
ATZ use. This is in agreement with previous research.26, 27, 38, 41-43 The average half-life of ATZ 
is only 2.3 DAT in soils with a history of ATZ use compared with 14.5 DAT in soils with no 
previous ATZ use (Table 2). This translates to ATZ degrading at a rate of more than 6 times 
faster in soils with previous ATZ use. The level of enhancement nationwide varies greatly. For 
example, degradation in Berrien County, GA increased by a factor of 40 in ATZ history soils 
compared with no-history soils (Fig. 2). Alternatively, degradation in ATZ history soils in 
Hitchcock County, NE increased only by a factor of 2 (Fig. 3). The level of enhanced 
degradation shows no specific pattern based on location in the U.S., soil type, or other soil 
characteristics. Previous research has indicated that soil type, soil organic matter, pH, soil 
temperature, soil moisture, and various agriculture practices such as rotations and crops planted 
can alter the degradation patterns of triazine (including ATZ) degrading microbes.41, 44-48 The 
large amount of variability in ATZ half-life described in these studies may explain the range of 
enhancement factors reported in this study. For those pair-wise comparisons where EF < 1.7, the 









Atrazine Efficacy.  
The widely used herbicide ATZ may no longer be as effective for residual weed control in many 
regions of the country, particularly in soils where there is a history of ATZ use. This is especially 
true in soils where half-lives were reduced by a factor of more than 3.5 (Fig. 1). Since ATZ applied 
to history soils is often less persistent than in no-history soils, the current plant-back restrictions 
for sensitive crops may not be accurate.24, 25, 49 Due to the complexity of factors contributing to 
enhanced ATZ degradation, it is difficult to say how ATZ persistence will change from field to 
field. For example, low pH, low soil oxygen content, high organic matter, low soil moisture 
content, and low temperatures can all slow down the degradation of ATZ. These factors are 
generally recognized as those which inhibit microbial metabolism and therefore ATZ will likely 
persist longer under these conditions.50 Our data show, however, that even in no-history soils, ATZ 
half-lives averaged only 14.5 DAT, which is less than those found in the literature.23, 51 However, 
our lab test conditions (moisture and temperature) were optimized to encourage microbial 
degradation. Additional field studies are needed to aid in the evaluation of future ATZ use patterns. 
For instance, the current label could be revised to allow producers to double crop wheat after a 
corn crop, or plant sensitive cover crops earlier than previously possible due to the reduced risk of 
ATZ injury. Even with reduced persistence, ATZ will continue to play an important role in corn 
and sorghum, particularly as a postemergence applied herbicide for the management of many 
herbicide resistant weeds. As a tank-mix or pre-mix herbicide partner, ATZ will continue to offer 
significant value, particularly as a synergist to 4-hydroxyphenylpyruvate dioxygenase (HPPD) 
inhibitor herbicides.52  





tolerant plants to either conjugate or metabolize the parent herbicide. This is done through 
glutathione S-transferase, hydroxylation, or de-alkylation of the parent triazine such as ATZ. 53, 54 
These transformations result in the previously mentioned ATZ metabolites which are inactive in 
plants.49, 55 Therefore, once ATZ is degraded to one of these metabolites, it will no longer inhibit 
plant growth and will be safe for crops that are sensitive to ATZ.  
Environmental Fate of Atrazine and Metabolites.  
While ATZ may no longer be as effective when soil applied for pre-emergence weed control in 
many portions of the U.S., enhanced degradation may have less effect on surface and groundwater 
contamination. Most of the ATZ found in surface and ground water is lost from fields shortly after 
applications and following a significant rainfall event.56, 57 So even with a decreased half-life in 
enhanced soils of only 2-5 DAT, a rainfall event soon after ATZ application could result in surface 
waters containing ATZ and its metabolites. The half-life of ATZ in water can be more than 300 
days, which can place groundwater at risk for contamination if surface waters contain ATZ.51 
Levels of ATZ detected in groundwater, however, are generally well below established exposure 
and safety standards.58, 59 Although most surface and groundwater contamination results from 
rainfall events shortly after ATZ applications, some groundwater contamination can occur at up to 
2 months after ATZ treatment.60, 61 Taking these timelines into account, our findings suggest that 
ATZ applications to enhanced soils could have less associated surface and groundwater 
contamination, and therefore less environmental risk, particularly if applications are not followed 
by heavy rains. Due to the large number of factors that contribute to offsite movement of ATZ, 
groundwater contamination, and subsequent exposure to organisms and non-target ecosystems, 
future research should focus on relating the reduction of ATZ persistence by enhanced microbial 





All major ATZ metabolites including DEA, DIA, and HA have been found in surface and 
groundwaters.63, 64 In fact, nearly 60% of the total ATZ load found in surface waters can be 
attributed to these metabolites.65 Therefore, it is important to determine the activity of ATZ 
metabolites in regard to environmental risk. If found to be herbicidally or toxicologically active, 
the concentration at which these metabolites are found within previously treated soils could alter 
how ATZ is used.  
Current research shows that ATZ metabolites have either no effect, or mildly toxic effects 
even when an organism’s (such as rats, frogs, or snails) exposure level is more than 3 times greater 
than actual detected levels in contaminated water bodies.10, 66 This indicates that metabolites of 
ATZ including HA, DEA, and DIA pose less risk than the parent compound and are therefore of 
little concern in surface and groundwater.67, 68 Current ATZ environmental fate simulations may 
not account for enhanced ATZ degradation and are therefore based on inaccurate data. Future 
simulations and assessments should account and adjust for enhanced degradation when assessing 
the environmental risk of ATZ. 
Atrazine Degrading Microbes.  
A large number of microbes are capable of degrading ATZ.33, 44, 49, 50 An unanswered question 
regarding ATZ regards the relative recent recognition of widespread enhanced degradation. The 
answer is likely a combination of multiple factors. It has long been known that enhanced 
degradation of triazines in previously treated soils could be a potential issue.69 A number of studies 
have shown that ATZ degradation is increased with the use of organic fertilizers and the adoption 
of no-till farming (due to increased microbial population from added substrates), while ATZ 
degradation is slowed when nitrogen is added (due to preferential nitrogen source consumption 





Yet another possibility stems from the increased evolution of various genes which code for 
ATZ degradation in microbial populations. Krutz et al.27 proposed that genes coding for enzymes 
which rapidly convert ATZ to HA were partially responsible for departure from the traditional 
theory of ATZ degradation which holds that HA primarily arises from chemical hydrolysis. It 
could be that the evolution of newer mechanisms of degradation found in the atzA and trzN genes 
are resulting in more rapid and complete degradation of ATZ than previously observed. This is 
one possible explanation for the shift in the amounts of HA (71%) recovered in ATZ history soils 
tested by Krutz et al. compared to previous models (10% HA). Krutz et al.27 also proposed that 
lower concentrations of n-dealkylated ATZ metabolites (DEA and DIA) in history soils may be 
due to the rapid conversion of n-dealkylated metabolites to HA derivatives. It is also likely given 
the large body of evidence, that many if not all ATZ degradation genes have evolved since the 
introduction of the triazine herbicides to agriculture in the 1950s.49, 72 It is plausible then, that many 
species of bacteria are currently and will continue to evolve pathways by which to degrade ATZ 
and its metabolites within soils. As the diversity of microbes capable of ATZ degradation 
increases, and their populations selected for, it can be expected that ATZ degradation will continue 
to be rapid, especially in soils with previous ATZ use. 
 
Conclusions 
Enhanced ATZ degradation is variable across the U.S., but present in 15 out of 16 states 
tested. From a weed control perspective, increased use of other herbicides due in part to the 
evolution of herbicide resistant weeds may have masked the decreasing efficacy of ATZ in 
producer’s fields. The widespread adoption of glyphosate- and glufosinate-resistant corn may also 





ATZ in history soils is only 2.3 DAT compared to 14.5 DAT in no-history soils. Our results for 
history soils are similar to the findings in previous literature, but our findings regarding ATZ half-
life in no-history soils is significantly shorter than previously reported.27, 40, 73  
It is important to note that these studies were conducted in a lab setting at optimal 
temperatures and moisture content for microbial degradation. These conditions will not always be 
present in field soils, and some variation in ATZ half-life is to be expected. Therefore, field studies 
are needed to determine the rate of enhanced ATZ degradation under various field conditions. A 
better understanding of the microbes which degrade ATZ may also provide insight into the future 
of ATZ use patterns in production agriculture, as well as the use of these microbes for tasks such 
as soil remediation. Future research should aim to determine if this microbial mediated 
enhancement persists even with intermediate ATZ use or after ceasing applications altogether in 
the same way mineralization of ATZ does.41, 74 Cross-enhancement, the ability of microbes in ATZ 
history soils to rapidly degrade other triazine herbicides including metribuzin and simazine, should 
also be assessed. If these herbicides are also rapidly degraded, then information on their persistence 
also needs to be reevaluated. Finally, newer metabolic pathways for ATZ degradation should be 
studied in greater depth, and a system developed to relate the presence of specific microorganisms 
and their abundance to the rate of enhanced ATZ degradation. 
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Table 1.  SAS v9.4 table showing correlation (r values) and p values of all soil parameters tested. 
The interaction of interest (Atrazine history x half-life) is shaded near the bottom right of the table. 
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-0.05079 0.12788 0.00482 0.07922 0.13059 0.10591 -0.05765 -0.00852 0.11714 0.16801 -0.06817 -0.06248 -0.0454 0.02613 -0.02046 0.14565 -0.09161
0.5882 0.1713 0.959 0.3979 0.1623 0.2578 0.5388 0.9276 0.2105 0.0714 0.4671 0.5052 0.6285 0.7816 0.8282 0.1187 0.328
-0.04048 -0.08593 -0.08972 0.04161 0.24699 0.51019 -0.09671 -0.17233 -0.12045 0.03741 0.0658 0.56361 0.01636 0.02401 0.0445 0.05686
0.6662 0.359 0.3382 0.6574 0.0075 <.0001 0.3017 0.0643 0.1978 0.6901 0.4828 <.0001 0.8622 0.799 0.6352 0.5444
0.3275 0.26934 0.22239 0.38366 0.16504 -0.08814 -0.00219 0.20373 -0.04117 -0.03423 0.25641 0.13923 0.35079 -0.29954 0.17594
0.0003 0.0035 0.0164 <.0001 0.0767 0.3468 0.9814 0.0283 0.6608 0.7153 0.0055 0.1378 0.0001 0.0011 0.0589
0.92235 0.35482 0.07723 -0.01847 0.08276 0.37078 0.00748 0.08965 -0.17765 0.00587 0.20616 0.17207 0.20183 -0.09317
<.0001 <.0001 0.41 0.844 0.3771 <.0001 0.9365 0.3386 0.0564 0.9502 0.0271 0.0659 0.0298 0.3199
0.50056 0.15046 -0.00756 0.20926 0.51783 0.08765 0.10376 -0.26216 0.02486 0.23159 0.14993 0.17537 -0.17036
<.0001 0.1069 0.9358 0.0242 <.0001 0.3495 0.2677 0.0045 0.7911 0.0128 0.1097 0.0597 0.0675
0.54873 0.2891 0.32557 0.84817 0.28027 -0.0659 -0.29569 0.45205 0.26818 0.50423 0.03282 0.00594
<.0001 0.0016 0.0004 <.0001 0.0023 0.4822 0.0013 <.0001 0.0038 <.0001 0.7265 0.9496
0.40278 0.23818 0.19905 0.76581 -0.11257 -0.29974 0.61764 0.14359 0.51209 -0.04397 0.12891
<.0001 0.01 0.0322 <.0001 0.2289 0.0011 <.0001 0.1258 <.0001 0.6393 0.1679
0.45206 -0.05682 -0.0461 0.43465 -0.37985 0.92264 0.24371 0.48292 -0.04104 -0.06397
<.0001 0.5446 0.6231 <.0001 <.0001 <.0001 0.0087 <.0001 0.6618 0.4951
0.24922 0.21332 0.70309 -0.89988 0.29966 0.09318 0.23876 0.05265 -0.23569
0.007 0.0215 <.0001 <.0001 0.0011 0.3219 0.0102 0.5746 0.0109
0.19983 -0.09834 -0.25689 0.04943 0.20395 0.18135 0.1364 -0.08451
0.0315 0.2936 0.0054 0.5983 0.0288 0.0524 0.1443 0.3671
-0.17256 -0.3537 0.10953 0.09429 0.18957 0.00937 0.08561
0.064 <.0001 0.2418 0.3162 0.0424 0.9205 0.3609
-0.71486 0.2066 0.0815 0.02671 0.03511 -0.22898
<.0001 0.0261 0.3865 0.7769 0.7083 0.0134
-0.24714 -0.1778 -0.20469 -0.10012 0.20532
0.0075 0.0573 0.0282 0.2849 0.027
0.2289 0.55262 -0.05229 0.05304





















































Table 2.  Table containing soil information such as sample location, previous crop, atrazine 
history with years of sequential application, atrazine dose, surface residue, and half-life (t1/2). 











Enhanced? EF (lbs 
a.i./A) 
AR Soybeans N 0 0 Low Phillips 7.55     
AR Corn Y 4 2 Low Phillips 1.77 YES 4.26 
GA Cotton N 0 0 Low Berrier 22.9     




N 0 0 N/A Wapello 25.6     
IA Corn Y 5 1.5 High Wapello 1.7 YES 15.1 
IA Sod N 0 0 High Cedar 4.97     
IA Corn Y 8 2 Medium Cedar 2.7 NO 1.84 




N 0 0 N/A Winneshick 23.5     
IL N/A N 0 0 High Washington 12.7     
IL Corn Y 5 1.5 Medium Washington 0.8 YES 15.9 
IL N/A N 0 0 High Clinton 7.5     
IL Corn Y 5 1.5 Low Clinton 2.1 YES 3.6 
IL Corn Y 5 1.5 Low Clinton 3 YES 3.75 
IL Turf N 0 0 High Douglas 11.9     
IL N/A Y 7 0.5 Low Douglas 5.2 YES 3.9 
IL Pasture N 0 0 High Douglas 20.3     
IL Corn Y 15 1.5 Medium Pike  0.7 YES 2.28 
IL Turf N 0 0 N/A Pike  1.6     
IL Corn Y 7 1.7 High Henderson 2.1 YES 5.52 
IL Corn Y 7 0.5 Low Champaign 3.4 YES 7.9 
IL Turf N 0 0 N/A Champaign 26.9     
IL Turf N 0 0 High Carroll 17.8     
IL Corn Y 15 1.75 High Carroll 2.9 YES 6.13 
IL Turf N 0 0 High Henderson 11.6     
KS Wheat N 0 0 Low Hodgeman 16.4     
KS Corn Y 8 1 High Hodgeman 2.1 YES 7.8 
KY 
Dry Lot for 
Dairy 
N 10 0 Low Warren 13.5     




N 0 0 High Warren 12.5     




















LA Corn Y 9 1 Low Franklin 1.64 YES 43.4 
LA N/A N 0 0 High Franklin 71.1     
LA Corn Y 5 2.5 Low Rapides 1.37 YES 3.26 
LA N/A N  0 0 High Rapides 4.47     
LA N/A N 0 0 Medium Rapides 3.07     
LA Corn Y 10 2.5 Low Rapides 0.9 YES 3.43 
LA Corn Y 10 2.5 Low Rapides 1.47 YES 2.18 
LA N/A N 0 0 High Rapides 3.2     
LA N/A N 0 0 High Tensas 13.5     
LA Corn Y 5 1 Medium Tensas 3.6 YES 3.75 
MI N/A Y 5 1 Low 
Kalamazo
o 
2.4 NO 1.67 
MI N/A N 0 0 N/A 
Kalamazo
o 
4     
MI N/A Y 5 1.25 Low 
Kalamazo
o 
1.8 YES 6.44 
MI N/A N 0 0 N/A 
Kalamazo
o 
11.6     
MI N/A Y 5 1.25 Low 
Kalamazo
o 
1.8 YES 11.7 
MI N/A N 0 0 N/A 
Kalamazo
o 
21.1     
MI N/A Y 5 1.25 Low Clinton 1.9 YES 7.58 
MI N/A N 0 0 N/A Clinton 14.4     
MO Corn Y 5 2 High Chariton 1 YES 3.5 
MO N/A N 0 0 High Livingston 37     
MO N/A N 0 0 High Chariton 3.5     
MO Corn Y 22 2 Medium Livingston 2.4 NO 1.04 
MO Corn Y 5 2 High Livingston 2.3 YES 16 
MO Turf N 0 0 High Livingston 2.5     
MS Corn Y 7 2 N/A Coahoma 1.27 YES 38.1 



















Enhanced? EF (lbs 
a.i./A) 
NE N/A Y 5 N/A N/A Polk 3.3 YES 2.72 
NE Corn Y 5 0.5 Low Hitchcock 1.6 YES 5.63 
NE N/A N 0 0 N/A Polk 9     
NE N/A Y 5 N/A N/A Polk 2.1 YES 12.38 
NE N/A N 0 0 N/A Dixon 26     
NE N/A N 0 0 N/A Polk 8     
NE Corn Y 5 N/A N/A Polk 2.2 YES 3.6 
NE  Corn N 0 0 Low Keith 11.3     
NE Corn Y 5 1.7 None Keith 1.6 YES 7.06 
NE Corn Y 5 1.7 High Keith 1.6 YES 7.06 
NE Corn Y 5 1 Low Keith 1.8 NO 1.77 
NE Soybeans N 0 0 Low Keith 3.2     
NE N/A Y 5 N/A N/A Polk 1.6 YES 2.75 
NE Grass N 0 0 High Hitchcock 4.4     
NE Corn Y 5 0.5 Medium Hitchcock 1.98 NO 1.82 
NE Grass N 0 0 High Hitchcock 3.62     
PA Alfalfa  N 0 0 N/A Berks 3     
PA Corn Silage Y 4 6.5 Medium Berks 2.1 NO 1.43 
PA Pasture N 0 0 High Lancaster 6.7     
PA Corn & Rye Y 5 1.25 High Lancaster 2.3 YES 2.91 
PA Corn Silage Y 20 1 None Bradford 3.8 YES 3.13 
PA Corn Silage Y 20 1 None Bradford 3.5 YES 6.26 
PA Pasture N 0 0 High Bradford 11.9     
PA Alfalfa  N 0 0 N/A Centre 16.9     
PA Corn Grain Y 5 1.5 High Centre 2.4 YES 7.04 
PA N/A N 0 0 High Bradford 21.9     





N 0 0 N/A Erie 9.4     
PA Hay/Grass N 0 0 High Lancaster 8.7     
PA Silage  Y 6 1 High Lancaster 2 YES 4.35 























Enhanced? EF (lbs 
a.i./A) 
SD Corn Y 5 N/A Medium Brown 2.6 YES 18.9 
SD Pasture N 0 0 High Brown 49.2     
SD Pasture N 0 0 Medium Lincoln 9.9     
SD Corn Y 9 0.5 low Lincoln 1.4 YES 7.07 
TN Corn N 0 0 High Gibson 21.9     
TN Corn Y 5 2 Medium Gibson 2.31 YES 9.48 
TN Corn Y 11 2 
Medium-
High 
Obion 1.73 YES 12.66 
TN Corn Y 4 2 
Medium 
High 
Obion 2.1 YES 10.43 
TX Fallow N 0 0 Low Williamson 1.57     
TX Corn Y 8 1.5 Medium Williamson 1.14 NO 1.38 
TX Corn Y 10 0.89 Medium Castro 1.74 NO 0.9 
TX Wheat N 0 0 High Castro 1.58     
WI Sod N 0 0 High Clark 18.9     
WI Sod N 0 0 High Clark 15.7     
WI Corn Y 4 1 Low Clark 9.3 YES 2.03 
WI Corn Y 10 1 Medium Clark 6.2 YES 2.53 




Y 14 0.5 Low Door 3 YES 2.13 
WI N/A Y 3 N/A N/A Waukesha 1.7 YES 3.11 
WI N/A N 0 0 N/A Waukesha 5.3     
WI Grass N 0 0 Medium Green Lake 8.2 YES 2.79 
WI Pasture N 0 0 Medium Waukesha 22.9     
WI Pasture N 0 0 None La Cross 24.1     
WI Corn Y 5 N/A Medium La Cross 1.5 YES 16.07 
WI Corn Y 2 N/A Medium Walworth 2 YES 12.05 






Figure 1.  A map showing locations where soil samples were collected.  
Enhancement factors (EF) are color coded with red representing locations where enhanced atrazine 
degradation was most apparent, green representing locations where ATZ maintains original 
persistence, and yellow representing locations where decrease in ATZ persistence is agronomically 






Figure 2.  A map showing locations receiving 5+ consecutive years of atrazine treatment.  
Half-life values are color coded with blue representing locations where enhanced ATZ degradation 
was very rapid, gray representing locations where limited enhanced degradation was detected, and 






Figure 3.  A map showing locations receiving no atrazine treatment the previous 10+ years. Half-
life values are color coded with blue representing locations where enhanced ATZ degradation was 
very rapid, gray representing locations where limited enhanced degradation was detected, and 
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Abstract 
The triazines are one of the most widely used herbicide classes ever developed, and play a role in 
managing herbicide-resistant weed populations. While these herbicides are traditionally valued 
for their persistence and season-long weed control, the literature suggests that these chemicals 
may no longer remain persistent in soils due to enhanced triazine degradation. Many questions 
remain regarding triazine adapted soils, one of which is the dose of herbicide or number of 
applications required before enhanced degradation will be observed. Studies were designed to 
quantify atrazine (an s-triazine) and related metabolites in soils with 0, 3, 5, or 10+ years of 
sequential atrazine applications. Regardless of how many sequential atrazine applications a soil 
received, enhanced atrazine degradation was detected. Only in soils with no previous atrazine 
use did atrazine retain its persistence as an herbicide.  
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The triazine herbicides are one of the most influential classes of agricultural chemicals 
ever produced. They are desired for their selectivity, flexibility in use, and persistent weed 
control in more than 50 crops worldwide (Lebaron et al., 2008). Of the triazines, atrazine is the 
most widely used in the United States (U.S.), second only to glyphosate. Even in the current era 
of widespread reliance on transgenic crops in the U.S., atrazine continues to be an important tool 
in weed management, used on 57% of U.S. corn acres in 2009 (Mitchell, 2014). Atrazine is also 
commonly used on sorghum, sweet corn, and sugar cane in the United States. Over the past two 
decades, many studies and anecdotal reports have confirmed the existence of triazine adapted 
soils (Krutz et al., 2008, 2010a, 2010b; Shaner and Henry, 2007; Shaner et al., 2007; 
Vanderheyden et al., 1997; Webb et al., 2011; Zablotowicz et al., 2006, 2007). Many of these 
studies show that triazine degradation in adapted soils is primarily biologically mediated, and 
that the degradation of atrazine in these soils may be rapid. However the question remains as to 
how many atrazine applications must be made before enhanced degradation is observed (Krutz et 
al., 2010b). As public perception and concern over atrazine risk in the environment grows, it is 
imperative that work continues to better understand the fate of atrazine under common field 
management practices (Inoue-Choi et al., 2016; Solomon et al., 2013). The objective of this 
study was to determine the number of consecutive years of atrazine exposure required before 
enhanced atrazine degradation is observed, and to quantify the accumulation profile over time of 









Materials and Methods 
 
Soil Sample Collection. 
 This experiment consisted of analyses of soils from Iowa, Illinois, and Pennsylvania 
(Table 3). Since the degradation of atrazine was dependent upon the microbial population and 
activity within the soil, all soil sample collection and processing was conducted in a way to 
maintain soil microbial populations and activity. Field co-operators from the three previously 
mentioned states were asked to collect soil samples following an established protocol. Soils were 
only collected from producer’s fields, with sets of paired soils including either 0, 3, 5, or 10 
years of consecutive atrazine application. Soils were collected on the surface 0- to 8-cm soil 
depth zone, and stored at 4 C until analysis. All soils were shipped overnight to Knoxville, TN 
for analysis, where a subsample of each soil was collected and shipped to MidWest Labs of 
Omaha, Nebraska for characterization of soil nutrient levels, organic matter content, and texture. 
All other procedures and analyses were performed under controlled conditions in Knoxville, TN. 
Laboratory Procedures. 
 Prior to atrazine fortification, 200 mL of DI water was added to 400 g of each soil and 
allowed to drain for 24 h. Adequate soil moisture is essential for soil microbial degradation of 
atrazine, and this procedure allowed for a stabilization of moisture across each soil. After 
draining, 5 g of each soil was placed in a 20-mL glass vial for atrazine fortification. Fortification 
began with 250 µL of 1000 µg kg-1analytical atrazine (Chem Service Inc., P.O. Box 599, West 
Chester, PA 19381) aqueous solution being placed directly onto the soil within each vial to 
simulate a field rate of 1.0 kg ha-1. Samples were placed into an incubator at 22 C. After the full 





42 days after treatment (DAT) where the -1 sample received no atrazine so any residual atrazine 
in field soils could be quantified. For extraction, 12.0 mL of methanol was added to each vial, 
vials were then shaken for 1.5 h and filtered using 0.45-µm PTFE filters. Atrazine was quantified 
by liquid chromatography-mass spectrometry (LC-MS) according to previous methods (Mueller 
et al., 2010). The lab analysis quantified atrazine and the three major metabolites 
[deethylatrazine (DEA), deisopropylatrazine (DIA), and hydroxyatrazine (HA)] simultaneously, 
with > 85% atrazine recoveries. DAT 0 concentrations were 875 µg kg-1 ± 30.4, indicating 
similar recoveries of atrazine in all soils. Retention times for atrazine, DEA, DIA, and HA were 
1.92, 3.85, 4.94, and 7.55 minutes, respectively. Selected ion monitoring values used for 
detection of atrazine, DEA, DIA, and HA were 198, 188, 174, and 216 respectively. 
Statistical Analysis. 
 Peaks detected via LC-MS were converted to a soil concentration in µg kg-1. 
Concentrations were analyzed using SAS PROC GLIMMIX (SAS® Institute Inc., v. 9.4) to 
compare DAT and years of sequential atrazine exposure. Means were regressed as concentration 
in µg kg-1 against DAT using first-order kinetics by Sigmaplot v 13.2 (SYSTAT Software Inc.). 
A half-life (t1/2) was determined using the resulting first order rate constant in the equation 
0.693/k=t1/2 (Kruger et al., 1993). Atrazine metabolite data were also analyzed using SAS PROC 
GLIMMIX to compare DAT to atrazine history. Means were separated by means of a log normal 









Results and Discussion 
 
Enhanced Atrazine Degradation. 
Degredation data were pooled as states were not significantly different (P > 0.05). In soils across 
all states with 3, 5, or 10 years of previous atrazine exposure, atrazine concentration decreased 
rapidly from 0 to 14 DAT (Figure 4, Table 4). Atrazine t1/2 values for soils with 3, 5, and 10 
years of exposure were calculated to be 2.6, 4.4, and 2.1 d respectively (Table 5). When 
compared with a t1/2 of 17 d for soils with no previous atrazine use, it is clear that as few as three 
years of atrazine exposure is enough to observe an adapted soil where atrazine degradation is 
five times more rapid (Figure 4). Data suggest that atrazine degradation occurs more rapidly than 
previously reported, with >75% atrazine degradation at 7 DAT, and > 89% atrazine degradation 
at 14 DAT in all soils with at least 3 years of previous atrazine exposure (Zablotowicz et al., 
2007 ). However, this study was conducted at 22 C in moist soil conditions which favor rapid 
degradation, so t1/2 observed in the field will likely be greater. 
For producers, this means that residual weed control may be reduced in fields that see 
atrazine use for 3 years. These results explain the many reports of reduced residual weed control 
with atrazine, but are by no measure the only factor to be considered (Krutz et al., 2008; Shaner 
and Henry, 2007; Shaner et al., 2007). Atrazine use rates have decreased considerably in the last 
two decades (Anonymous, 2017; Solomon et al. 1996). By lowering use rates, weed escapes or 
early breaks in residual control will be more noticeable to producers.  It is also possible that 
years of reliance on the complete control offered by glyphosate, producers have higher 
expectations of weed control products, including atrazine. These higher expectations then are not 





residual weed control. It is likely that enhanced atrazine degradation has been present for 
decades, only to be masked by the use of other herbicides. As more modes of action fall victim to 
herbicide resistance, products such as atrazine will be expected to provide season-long weed 
control of hard-to-manage weeds, when in reality it will likely degrade too rapidly to provide 
such control. From an environmental safety standpoint, decreased residual concentration will 
offer some promise for the continued use of atrazine throughout the corn growing regions of the 
U.S. While the residual weed control may be decreased, atrazine still offers an extra mode of 
action both PRE and POST in a complete weed management strategy for difficult-to-control 
weeds.  
Atrazine Metabolites in Soil. 
Metabolite data were pooled as states and number of years of atrazine exposure were not 
significantly different (P>0.05). Regression models shown in table 4 were chosen for their best 
fit of metabolite concentration increase and decline. Data are presented to different concentration 
scales for ease of viewing (Figure 5). Pre-treatment concentrations of DEA, DIA, and HA of 5.4 
± 0.7, 1.7 ± 0.8, and 5.0 ± 0.4 µg kg-1 respectively in -1 DAT soil samples (data not shown).  
Concentrations of DEA were lower than both DIA and HA concentrations detected (Figure 
5). DEA concentrations within non-history soils increased gradually from 0 to 42 DAT. 
Alternatively, DEA concentrations in history soils declined gradually over the course of the 
experiment. This pattern, along with the persistence of DIA and HA in non-history soils indicate 
that degradation of atrazine secondary metabolites into tertiary metabolites were affected by 
prior atrazine use history. DIA was found in soils at concentrations of <60µg kg-1 in all samples 
tested. At 7 DAT, the amount of DIA detected was not significantly different among soils. 





history soils. Regression analysis showed clear differences between history and non-history for 
coefficient A for both DIA and HA, and also coefficient B for DIA. Hydroxyl derivatives of 
triazines (including HA) are understood to be biologically inactive, particularly at rates detected 
in water and soil (Laws et al., 2003; Lebaron et al., 2008). This doesn’t, however, prevent 
concern about the fate of DEA, DIA, and HA within soil and surface waters worldwide. When 
comparing atrazine history and non-history soils, HA concentrations are not significantly 
different until 7 DAT and after, when it appears microbial populations continue rapidly breaking 
down HA into other compounds.  
A positive viewpoint of these data for atrazine and its derivatives is that rapid degradation 
will improve their environmental profile. These results are also in agreement with previous 
research, which indicates that the atrazine metabolites DEA, DIA, and HA are usable substrates 
for atrazine-degrading microbes and will be degraded more rapidly in soils that also rapidly 
degrade the parent compound (Krutz et al., 2010b; Seffernick et al., 2000; Shapir et al., 2007; 
Shapir et al., 2005). Our results further support the suggestion by Krutz et al. that precise model 
predictions concerning triazine and metabolite fate are reliant on accurate herbicide persistence 
estimates. 
Moving forward, it is important to make a clear distinction between triazine adapted and 
non-adapted soils when estimating the environmental fate of triazine herbicides. More work must 
follow to carefully examine the effect of soil amendments such as fertilizers and other pesticides 
on the persistence of the triazines and derivatives. In the future, methods of using this enhanced 
degradation to the advantage of the producer should also be explored. Marketing bio-products or 
even transgenic plants to aid in degradation of pesticides and bioremediation of contaminated 





maintaining much needed flexibility for the control of herbicide-resistant weeds (Chirnside et al. 
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Table 3. Locations and half-lives of all soil samples analyzed. 
Statea County Years Exposure pH 
Soil 
Texture 
OM % Sand Silt Clay 
t1/2 
 EFb ----------------%--------------- 
IA Cedar 0 7.1 SiL 4.3 23 57 20 20.45 - 
IA Cedar 5 6.8 SiL 4.4 17 60 23 1.83 11.2 
IA Wapello 0 5.7 SiCL 2.8 5 55 40 47.66 - 
IA Wapello 5 7.2 SiL 3.4 15 65 20 1.41 33.8 
IA Wapello 3 7.5 SiCL 3 14 57 29 1.71 27.9 
IA Winneshiek 0 7.2 SiL 2.9 23 60 17 19.76 - 
IA Winneshiek 5 7.1 SiL 2.7 16 64 20 5.43 3.64 
IA Winneshiek 5 7.3 SiL 3.2 20 56 24 4.65 4.2 
IA Winneshiek 5 7.4 SiL 2.6 22 61 17 6.03 3.3 
IL Carroll 0 7.1 L 4.7 26 60 14 8.36 - 
IL Carroll 10 7.1 SiL 4.1 22 62 16 2.01 4.2 
IL Carroll 3 6.3 SiL 2.7 20 68 12 2.12 3.9 
IL Carroll 5 7.3 SiL 4.1 15 67 18 2.47 3.4 
IL  Carroll 3 6.4 SiL 1.5 11 65 24 3.31 2.5 
IL Champaign 0 6.4 L 7.9 40 43 17 33.13 - 
IL Champaign 3 4.9 SiL 6.3 30 50 20 10.35 3.9 
IL Champaign 5 4.9 SiCL 3.7 20 48 32 2.66 12.4 
IL Douglas 0 6.9 SiL 6 20 65 15 9.86 - 
IL Douglas 5 6 SiL 4.8 27 51 22 10.71 0.9 
IL Pike 0 6 SiL 5.3 20 56 24 33 - 
IL Pike 5 6 SiL 1.7 10 70 20 2.1 15.7 
IL Pike 10 6.1 SiL 3 13 65 22 2.26 14.6 
IL  Bureau 3 6 SiL 3.2 16 62 22 2.48 13.3 
PA Bradford 0 4.2 L 6.6 40 40 20 14.65 - 
PA Bradford 3 5.5 L 3.1 40 44 16 3.04 4.8 
PA Bradford 3 5.8 L 2.3 44 44 12 2.48 5.9 
PA Centre 0 6.4 SiL 3.9 34 49 17 24.03 - 
PA Centre 5 4.3 L 4.6 34 46 20 3.5 6.9 
PA Lancaster 0 7.4 L 7 50 33 17 17.05 - 
PA Lancaster 3 7 SiL 4.4 30 57 13 2.43 7.0 
                    
aAbbreviations: t1/2, half-life in d; EF, Enhancement Factor; IA, Iowa; IL, Illinois; L, loam; OM, organic matter; PA, 
Pennsylvania; SiCL, silty clay loam; SiL, silty loam. 






Table 4. Regression equations, coefficients, and R2 values of atrazine and metabolites.a 
Molecule 
ATZb 
History Equation Coefficient A SE Coefficient B SE R2 
ATZ No f = a*exp(-b*x) 830.09 23.06 0.04 0.002 0.99 
 Yes f = a*exp(-b*x) 875.24 106.18 0.20 0.03 0.95 
      
 
 
DEA No f = a*exp(-.5*((x-x0)/b)^2) 12.81 0.86 32.24 8.72 0.85 
 Yes f = a*exp(-.5*((x-x0)/b)^2) 10.88 0.83 56.20 22.43 0.89 
        
DIA No f = a*exp(-.5*((x-x0)/b)^2) 59.06 7.68 15.59 2.76 0.83 
 Yes f = a*exp(-.5*((x-x0)/b)^2) 320.36 11.12 1.36 0.04 0.99 
        
HA No f = a*exp(-.5*((x-x0)/b)^2) 21.36 0.82 25.35 2.77 0.97 
 Yes f = a*exp(-.5*((x-x0)/b)^2) 6.04 0.47 31.48 13.97 0.84 
                





Table 5. Atrazine half-lives in soils fortified with 250 µL of 1000 µg kg-1 
analytical atrazine.a 












3 8 2.66 
5 10 4.44 
10 2 2.14 
a State effect was not significant, therefore data were pooled across states. A 
two-way interaction of years exposure and t1/2 
 was significant (P < 0.001) 
bAbbreviations: ATZ, atrazine; t1/2 
, half-life in days 



















Figure 4. Exponential decay of atrazine concentration (µg kg-1) in IA, IL, and PA soils as a 
function of number of years of previous atrazine exposure and days after atrazine fortification. 
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Figure 5. Pattern of degradation of atrazine (ATZ), deethylatrazine (DEA), deisopropylatrazine 
(DIA), and hydroxyatrazine (HA) in IA, IL, and PA soils as a functions of adapted and non-
adapted soils and days after atrazine fortification. Error bars indicate one standard deviation and 
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Abstract 
The triazines are one of the most widely used herbicide classes ever developed, and play a 
critical role in managing herbicide resistant weed populations. These herbicides are traditionally 
valued for their persistence and season-long weed control in over 50 crops. The literature 
suggests that atrazine, the most widely used triazine, may no longer remain persistent in soils due 
to enhanced microbial degradation. Experiments examined the rate of degradation of two other 
triazine herbicides: simazine and metribuzin in both atrazine adapted and non-adapted 
Midwestern soils. In soils with a history of atrazine use, the t1/2 of atrazine was at least 4 times 
more rapid than in soils with no history of atrazine use. Simazine t1/2 was at least 2.4-15 times 
more rapid in history soils than non-history soils, and metribuzin was degraded at 0.6, 0.9, and 
1.9 times the rate in the same soils. These results indicate cross-enhancement of the symmetrical 
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The triazine herbicides are one of the most influential classes of agricultural chemicals 
ever produced. They are desired for their selectivity, flexibility in use, and persistent weed 
control in more than 50 crops worldwide (Anonymous 2017a, 2017b, 2017c, LeBaron et al. 
2008). Atrazine is the most widely used herbicide in the United States, second only to 
glyphosate. Even in the current era of widespread reliance on transgenic crops in the U.S., 
triazines continue to be an important tool in weed management, with atrazine used on 57% of 
U.S. corn acres in 2009 (Mitchell 2014).  
Since their initial use for selective weed control, the fate of triazine herbicides has been 
closely monitored (Harris 1967, Kaufman and Kearney 1970). The persistent nature of many of 
these triazine compounds along with their widespread use and mobility has led to concern over 
the ecological risk that these compounds present (Barbash et al. 2001, Harman-Fetcho et al. 
1999, Hayes et al. 2002, 2010, Kroon et al. 2014, McConnell et al. 2004, Solomon et al. 1996, 
Toccalino et al. 2014). Half-lives of triazines range from 20 to over 400 d depending on a wide 
array of environmental field conditions (Shaner 2014). The primary mechanism for triazine 
breakdown is microbially-facilitated degradation (Krutz et al. 2010a, Radosevich et al. 1995). A 
number of microorganisms have been isolated that partially transform triazines, with few 
reported that entirely mineralize these compounds. Both oxidation of the alkyl side chains of 
atrazine and the dehalogenation of atrazine can provide the source of C and/or energy available 
to microorganisms (Behki and Khan 1986, Radosevich et al. 1995, Yanze-Kontchou and 
Gschwind 1994, 1995). Side-chain and aromatic ring nitrogen atoms can also be utilized by some 
microbes as a nitrogen source (Cook and Huetter 1981, Radosevich et al. 1997). 
Over the past decade, many reports have described the phenomena known as enhanced 





Krutz et al. 2010a, Mueller et al. 2010, Shaner 2014, Shaner and Henry 2007). This soil 
condition results when applications of atrazine to the soil cause an increase in microbial 
populations capable of rapidly metabolizing and degrading atrazine as a substrate (Ghosh et al. 
2009, Radosevich et al. 1995, Rhine et al. 2003). It has been reported that not only atrazine, but 
also simazine is susceptible to this enhanced degradation mediated by microbes, likely due to its 
structural similarities to atrazine (Cook and Huetter 1981, Kaufman and Kearney 1970, Krutz et 
al. 2010a). While microbes are capable of degrading metribuzin and other triazines, there are no 
published reports from field observations indicating that the degradation of simazine and 
metribuzin follows a similar pattern to atrazine enhanced degradation (Kaufman and Kearney 
1970, Ladlie et al. 1976). 
Due to the continued concern over triazines in the environment (Hayes et al. 2002, Husak 
et al. 2016, Kroon et al. 2014, Lawrence et al. 1993), and the importance of triazine herbicides to 
weed control, it is important to understand the way that triazine use patterns affect their fate. 
Studies were conducted to examine the rate of atrazine, simazine, and metribuzin degradation in 
three Midwestern soils by comparing their behavior in atrazine history and non-history soils. Our 
hypothesis is that the s-triazines atrazine and simazine will degrade more rapidly in history soils 
compared to non-history soils, while the asymmetrical triazine metribuzin will degrade similarly 










Materials and Methods 
 
Soil Sample Collection. 
 This experiment utilized soils from three Midwestern states (Table 6). Since degradation 
of triazines is reliant upon microbial populations and their activity within the soil, sample 
collection and handling was conducted in a way to preserve soil microbial population and 
activity. Co-operators from IA, IL, and PA collected soil samples following a well-defined 
protocol. Soils were only taken from producer’s fields, with field edges and research sites being 
avoided, and sets of paired soils including either 0 or 5+ years of consecutive atrazine 
application. Soils were collected from a depth of 0 to 8 cm, and stored at 4 C until treatment. All 
soils were shipped overnight to Knoxville, TN for examination under controlled laboratory 
conditions, where a subsample of each soil was boxed and sent to MidWest Labs of Omaha, 
Nebraska for analysis of soil nutrient levels, organic matter content, pH, texture, and other 
characteristics.  
Laboratory Analysis. 
 Prior to triazine fortification, 300 g of each soil was saturated using 200 mL deionized 
water and allowed to drain for 24 h to simulate field capacity. This was done because of the 
importance of soil moisture in the process of soil microbial degradation, and to allow for an 
equilibration of soil moisture in each soil. After draining, 5 g of each soil was placed in a 20-mL 
glass vial for fortification with one of three triazines. Fortification began with either 250 µL of 
1000 µg kg-1analytical atrazine, metribuzin, or simazine (Chem Service Inc., P.O. Box 599, West 
Chester, PA 19381) solution being placed directly onto the soil within each vial to simulate a 





removed from the incubator and placed into a freezer at -1, 0, 3, 7, 14, 21, 28, and 42 days after 
treatment (DAT) where the -1 sample received no treatment so that any residual triazine in field 
soils could be quantified. Using a Calibrex 525 pump (Socorex Isba S.A.), 12.0 mL of methanol 
was added to each vial. Vials were then shaken for 1.5 h, and filtered using 0.45-µm PTFE 
filters. Atrazine was quantified using liquid chromatography-mass spectrometry (LC-MS) 
according to previous methods (Mueller et al. 2010). Simazine and metribuzin methods used a 
C18 150 x 4.6-mm diameter that included a 3 µm Phenomenex column, a 2-µL injection volume 
and 70:30 v:v acetonitrile:water mobile phase that included 0.1% formic acid. Operating 
parameters for MS (Agilent Model 6100) appear in Table 6. Atrazine, metribuzin, and simazine, 
were determined to have 94, 82, and 92% recoveries respectively.  
Statistical Analysis. 
 Peaks detected by LC-MS were converted to a soil concentration in µg kg-1. 
Concentrations were analyzed using SAS PROC GLIMMIX (SAS® Institute Inc., v. 9.4) to 
compare DAT and atrazine exposure history. Means were then regressed as concentration in µg 
kg-1 against DAT using first-order kinetics by Sigmaplot v 13.2 (SYSTAT Software Inc.). A half-
life (t1/2) was determined using the resulting first order rate constant in the equation 0.693/k=t1/2 
 (Kruger et al. 1993). An enhancement factor (EF) was calculated to quantify enhanced 
degradation using the formula t1/2 non-history soil / t1/2 history soil. This was possible because all 
field soil samples were collected in matched pairs of previous atrazine history (history) and non-
atrazine history (non-history) fields. Each EF provides a quick metric by which the rate of 







Results and Discussion 
 
All atrazine history soils exhibited signs of enhanced atrazine degradation, which was 
consistent with previous research (Krutz et al. 2010a, 2009, 2010b, Mueller et al. 2010, 2017). 
Atrazine non-history soils from Wapello County, IA had an average atrazine half-life of 47.6 d 
compared to only 1.4 d in atrazine history soils, with an enhancement factor of 33.8 (Table 7). Of 
all soils tested, Wapello County, IA soils had the largest disparity in rate of degradation between 
history and non-history soils (Figure 6). Atrazine non-history soils from Carroll County, IL had 
an average half-life of 8.3 d compared to only 2.4 d in atrazine history soils. Atrazine non-history 
soils from Centre County, PA had an average half-life of 24.0 d compared to only 3.5 d in 
history soils.  
Simazine half-life in Wapello County, IA non-history soils was 53.7 d compared to 3.4 d in 
atrazine history soils (Table 7). Enhanced simazine degradation was also observed in IL history 
soils with a half-life of 6.9 d compared to 17 d in non-history soils. In PA history soils simazine 
had a 5.7 d half-life compared to 22.2 d in non-history soils. These results are strikingly similar 
to the effect of enhanced atrazine degradation (Figure 7), likely due to the similarities between 
simazine and atrazine molecular structure. Simazine is not as widely used as atrazine in row crop 
systems, and therefore enhanced degradation may have greater impact on weed control in 
managed turfgrass (McElroy et al. 2012, Yu and McCullough 2016). Simazine also lacks the 
flexibility of POST use and thus reduced soil persistence will decrease potential utility for weed 
control compared to atrazine, which can be used POST (Anonymous 2017b). 
Metribuzin half-life in IA non-history soils was 26.8 d and 14.3 d in history soils. Though 





other states (Table 7, Figure 8). This lack of enhanced metribuzin degradation is likely due to the 
differences in both ring and substituent structures compared to the s-triazines. The reason for the 
more rapid metribuzin degradation in IA is unknown and no soil variable tested was able to 
adequately explain the differences. One hypothesis is that microbes capable of rapidly degrading 
metribuzin may be present in our IA field soil samples (Ladlie et al. 1976, Zhang et al. 2014). 
Another possibility is that metribuzin use may have occurred in these soils prior to sample 
collection. Although metribuzin degradation was not enhanced in the same way as the s-
triazines, metribuzin degradation was more rapid than previously reported (Zhang et al. 2014). It 
is possible that metribuzin behaves differently than either atrazine or simazine because of the 
lack of a chlorine molecule available for dehalogenation. This different degradation pattern is by 
no means a guarantee that metribuzin is immune to the effects of enhanced degradation, but the 
development of cross-enhanced metribuzin degradation is not indicated by this research. It is 
important to note that our test system was under conditions that favor rapid microbial 
degradation, and expected t1/2 in crop fields are expected to be longer. 
While atrazine will remain a viable POST option for producers in the fight to control 
herbicide resistant weeds, the residual control once afforded by this herbicide has been 
diminished. Enhanced degradation could, however, alleviate some concern regarding the fate of 
atrazine within non-target environments. In adapted soils, simazine will no longer provide a 
viable option for PRE weed control. Alternatively, it is encouraging that metribuzin remains a 
viable option for PRE weed control, as the advance of ALS- and PPO-resistant weeds have 
severely limited the ability of producers to effectively control glyphosate-resistant weeds, 
particularly in soybeans (Salas et al. 2016, Wuerffel et al. 2015). Going forward, metribuzin 





resistance-management plan. Given the large number of variables that play a role in determining 
biologically-mediated herbicide degradation, future research should focus on better 
understanding of the degradation of triazines under a variety of field conditions. Factors 
including irrigation, fertilization, other pesticide use, and tillage should all be examined carefully 
to aid in decision making regarding how best to adapt to enhanced triazine degradation as many 
of these factors are known to play a role in preferential microbial degradation (Krutz et al. 2010a, 
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Table 6. Liquid chromatography – mass spectrometry methods for metribuzin and simazine. 
Parameters Metribuzin Simazine 
Mobile phase flow 0.7 mL min-1 
0.6 mL 
min-1 
Mode of Operation Positive Positive 
Gas Flow 6.0 L min-1 6.0 L min-1 
Nebulizer pressure 207 kPa 241 kPa 
Drying gas temp 250 C 250 C 
Vaporizer temp 250 C 250 C 
SIMa @ 202 215.1 
Frag 110 120 
Capillary Voltage 1600 1600 
Corona current 0 0 
Charging voltage 0 0 
Limit of detection 10 µg kg-1 10 µg kg-1 
Retention time (min) 3.93 3.95 
      
3-µm particle size C18 Phenomenex column (150 x 4.6 mm) 
70:30 Acetonitrile:Water with 0.1% formic acid 
      







Table 7. Locations, soil characteristics, and half-lives of soil samples analyzed.a 
State County Adapted pH Soil Texture 




d t1/2  EF t1/2 EF 
IA Wapello No 5.7 SiCL 2.8 5 55 40 47.8 34 53.7 1.9 26.8 16 
IA Wapello Yes 7.5 SiCL 3 14 57 29 1.4  3.4  14.3  
IL Carroll No 7.1 L 4.7 26 60 14 8.4 3.4 17 0.9 12.4 2.4 
IL Carroll Yes 7.3 SiL 4.1 15 67 18 2.5  6.9  13.2  
PA Centre No 6.4 SiL 3.9 34 49 17 24.1 6.9 22.2 0.6 7.1 3.9 
PA Centre Yes 4.3 L 4.6 34 46 20 3.5  5.7  11.6  
                    
a A two-way interaction of state and history was significant (P < 0.001) 
bAbbreviations: t1/2, half-life in d; EF, Enhancement Factor; IA, Iowa; IL, Illinois; L, loam; OM, organic 
matter; PA, Pennsylvania; SiCL, silty clay loam; SiL, silty loam 
ct1/2 values were calculated using the formula 0.693/k=t1/2 





Figure 6. Exponential decay of atrazine concentration (µg kg-1) in IA, IL, and PA soils as a 
function of atrazine history and days after atrazine fortification. Error bars indicate one standard 



























































t1/2 – 24.1 d t1/2 – 3.5 d 
t1/2 – 2.5 d t1/2 – 8.4 d 
t1/2 – 47.8 d t1/2 – 1.4 d 





Figure 7. Exponential decay of simazine concentration (µg kg-1) in IA, IL, and PA soils as a 
function of atrazine history and days after simazine fortification. Error bars indicate one standard 
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Figure 8. Exponential decay of metribuzin concentration (µg kg-1) in IA, IL, and PA soils as a 
function of atrazine history and days after metribuzin fortification. Error bars indicate one 
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Abstract 
Atrazine is the second most used herbicide globally for weed control in corn. Given the 
increase of flooding in the United States over the past decade, producers need information to 
determine the best course of action after fields are flooded that have been treated with atrazine. 
Studies were designed to understand the effect of flooding on atrazine residual activity, including 
atrazine concentration, soybean injury, and soybean yield. In 2012, in flooded treatments, 
soybean yield was significantly affected by prior atrazine use. In 2014, soybean injury was < 
10% in all plots and non-flooded atrazine treated soils had yields equal to the nontreated control. 
This reduction in atrazine persistence within treated fields may be due to enhanced atrazine 
degradation. The data indicates that it is possible for producers to consider replanting soybeans 
after atrazine application. 
Nomenclature: Atrazine, Glycine max L. Merr., Zea mays L. 





 Atrazine is one of the most widely used herbicides globally, second only to glyphosate 
(Mitchell 2014). Atrazine provides both PRE and POST weed control in corn, sorghum, and 
sugarcane. Historically, atrazine longevity in soils has been a critical component for good weed 
control. This persistence has also led to concern over residual atrazine both within crop fields 
and within surface waters (Brecke et al. 1981, Burnside and Wicks 1980, Burnside et al. 1971, 
Hall et al. 1972, Kelly and Wilson 2000, Laroche et al. 1996, Richards et al. 1987, 1996, 
Toccalino et al. 2014).  
From 2010 to 2016, eight notable flooding events occurred in the southeastern U.S. 
alone, including the 2010 Nashville flood, the 2016 Houston flood, and most recently, the fall 
2016 Louisiana flood (Fournier et al. 2016, Martin et al. 2016, Vahedifard et al. 2016, Wang et 
al. 2016, van der Wiel et al. 2017). With these recent flooding events across the southern U.S., 
producers have questions about how to manage fields previously treated with atrazine prior to 
flooding. Besides flooding, late frosts, hail damage, wildlife damage, or other factors may force 
producers to consider replanting a field in soybean after a PRE atrazine application has already 
been made. Simply replanting corn will often result in reduced corn yield due to late planting, 
therefore other alternatives are needed (Benson 1990, Olson 2009, Yin et al. 2012). The first 
objective of this experiment was to quantify the persistence of atrazine in flooded soils. Next, the 
recorded atrazine concentration is related to soybean visual injury at 28 and 42 days after 
planting (DAP) and final soybean yield. No current literature is published examining the effects 
of atrazine on soybeans replanted under diverse flooding conditions. While Pawlak et al. (1987) 
described soybean injury from carryover in no-till systems, no definitive answer can be given in 
regard to the effect of flooding on atrazine carryover. These results aim to inform producers with 





Materials and Methods 
Flooding Plots. Experiments were carried out in the summer of 2012, 2013, and 2014 at the East 
Tennessee Research and Education Center in Knoxville, TN. Studies were conducted in 
Sequatchie silt loam soil with a pH of 6.2, CEC of 10.4 meq 100 g-1, and OM content of 1.7%. 
The 2013 field experiment was invalid due to prolific rainfall resulting in the flooding of all 
treated plots. Main plots were created by building soil berms around 12 m x 12 m plots 
containing three 9 m x 3 m sub-plots. Glyphosate was applied as a burndown to prevent weed 
contamination of plots. Atrazine treatments of 0, 2.2, and 4.5 kg ha-1 were applied within berms 
prior to flooding using atrazine 4L and a six-nozzle handheld boom spraying at 190 L ha-1. 
Applications were made on May 18, 2012 and May 19, 2014. All plots received 2.5 cm of 
overhead irrigation, and then non-flooded treatments were allowed to dry. Flood treatments were 
applied using large pipes to dispense water into the main plots, with care taken to minimize soil 
disturbance. The source for flooding treatments was the Tennessee River, which was not 
expected to contain any atrazine (Richards et al. 1996). Depth of flood was 5-15 cm in depth and 
was maintained for 5 d.  At that time, berms were opened and plots were allowed to dry. After 
drying for 7 d, berms were leveled with tillage and all plots were no-till planted with commercial 
equipment, at a 2.5-cm depth and 76-cm row spacing. Seeding rate of Asgrow 4532 RR soybean 
was 50 kg ha-1. Soybean planting was done on May 31, 2012 and June 6, 2014. Plots were 
maintained weed free using glyphosate applied POST as no glyphosate resistant weeds were 
present at this location. 
Data Collection. At 13 and 17 d after flooding in 2012 and 2014 respectively, soil samples from 
individual plots were collected prior to planting at a depth of 0- to 8-cm using a turf cup-cutter. 





Extraction was performed by adding methanol to collected soil samples, shaking, filtration, and 
quantified by liquid chromatography – mass spectrometry (LC-MS) according to previous 
methods (Mueller et al. 2010). Concentrations of atrazine quantified were converted to 
concentration in µg kg-1 for later statistical analysis. 
At 28 and 42 DAP, soybean injury was visually evaluated using a scale of 0 to 100%, 
with 0% being no injury and 100% representing complete plant necrosis. The aim was to record 
soybean injury symptoms for comparison to effect on overall soybean yield (Anderson 1970, 
Pawlak et al. 1987). At 120 DAP in both studies, two center rows of soybeans were mechanically 
harvested and yield data were collected.  
 
Experimental Design and Data Analysis. A completely randomized block 2 x 3 factorial split-
plot design was used with two levels of flooding (flooded and not flooded) across three atrazine 
rates. Atrazine rates of 0, 2.2, and 4.5 kg ha-1 were used to examine both average and twice the 
normal use rates (Anonymous 2017).  
Data from flooding studies were subjected to ANOVA in SAS (SAS® Institute Inc., v. 
9.2) using PROC GLIMMIX to test for significance of atrazine rate and flooding treatment on 
atrazine concentration in soils, soybean injury, and yield. Experimental run and replication were 
considered random effects with flooding and atrazine rate being considered fixed effects. All 
visual evaluation data were transformed for statistical analysis using a square root transformation 
then back transformed for presentation. Means were separated using Fisher’s protected least 







Results and Discussion 
Atrazine Concentration. In 2012, atrazine concentration within a given atrazine treatment was 
similar in both flooded and non-flooded soils (Table 8). Atrazine concentration was greatest in 
soils treated with the higher rate of atrazine, with about 35% less atrazine recovered in soils 
treated with the lower rate. Low atrazine concentrations in nontreated control plots suggest that 
atrazine movement in surface water was minimal. In 2014, atrazine concentrations were much 
higher in non-flooded soils compared to flooded soils (Table 9). This observation may be due to 
movement of atrazine in surface waters in flooded plots (Barbash et al. 2001, Belluck et al. 1991, 
Hall et al. 1972, Solomon et al. 1996, Toccalino et al. 2014). Another contributing factor may be 
enhanced microbial degradation of atrazine within flooded soils (Krutz et al. 2010, Mueller et al. 
2017, Shaner et al. 2007). Enhanced atrazine degradation occurs when soils previously treated 
with this product (atrazine) experience an increase in the population of microbes capable of 
metabolizing atrazine (Mueller et al. 2010, Shaner and Henry 2007, Shaner et al. 2007). Non-
flooded soils may have lacked the moisture required to support microbial populations capable of 
metabolizing atrazine within surface soils, receiving only 7.4 and 11.9 mm of rainfall during the 
experiment in 2012 and 2014, respectively. 
 
Soybean Injury. In 2012 at both 28 and 42 DAP, soybean injury was the same as the nontreated 
check within non-flooded soils, regardless of atrazine use rate. There were large differences 
when comparing flooded and non-flooded soils at both atrazine rates. This greater injury in 2012 
within flooded soils is possibly due to the higher half-life of atrazine in water-logged soils, 





2014). This greater persistence and increased availability of atrazine for uptake likely explains 
the observed soybean injury compared to non-flooded soils.  
In 2014, soybean injury from atrazine was lower (<10%). All atrazine treatments caused 
injury compared to the nontreated check. The reduced soybean response may be due to the 
previously mentioned enhanced microbial degradation of atrazine. 
 
Soybean Yield. In 2012, there were no differences between soybean yields when comparing 
flooded and non-flooded soils at the same atrazine use rate. There were, however, differences 
across atrazine rates within flooding treatments. Within flooded atrazine soils, yield decreased 
significantly at both 2.2 and 4.5 kg ha-1 from over 3.56 Mg ha-1 to under 2.42 Mg ha-1. The 
increased half-life of atrazine in water and greater chances of uptake in moist soil conditions may 
have contributed to the yield losses observed in flooded atrazine soils 2012 (Comber 1999, 
Shaner 2014). However, no water samples were collected in this study because maintaining plot 
integrity was an issue. In 2014, there were no differences in yield across all treatment factors 
(Table 9). The observed yield uniformity is most likely due to the previously explained effect of 
enhanced atrazine degradation that is known to appear within as little as three to five years of 
consecutive atrazine application (Krutz et al. 2009, 2010, Mueller et al. 2010, 2017, Shaner et al. 
2007).  
These data indicate that it is possible to plant back soybeans after flooding in atrazine 
treated fields with no yield loss. Situations other than flooding, including late freezes, hail 
damage, and herbicide drift scenarios often occur when producers may wish to replant soybeans. 
These data also indicates that planting soybeans after atrazine may be possible in non-flooded 





that producers experience when utilizing PPO herbicides such as fomesafen in soybeans (Cieslik 
et al. 2014). The observed injury also did not affect overall soybean yield. These results show 
that current atrazine replanting restrictions may be too long (Anonymous 2017) 
Given the increased possibility of flooding, late freezes, hail damage, and herbicide drift 
continuing to impact crop production across the southeast, producers should aim to better 
understand available options when replanting an affected field. Future research should target the 
effects of enhanced atrazine degradation on plant-back intervals of atrazine-sensitive crops. More 
research should also address the impact of rainfall amount, tillage system, and other pesticide use 
on the success of replanted corn and soybeans after a flooding event. 
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Table 8. Atrazine dose and measured concentration, soybean injury, and yield from a field site in 
Knoxville, TN in 2012a 
Flooded 
Atrazine dose  
Soybean Injury Soybean 
yield 
Atrazine conc. 
28 DAP 42 DAP 0 DAP 
kg ha-1 ----------------------%---------------------- Mg ha-1   µg kg-1 
Yes 0 6.8 b 4 b 3.60 a 91.3 cd 
Yes 2.2 70 a 75 a 2.40 c 503 bc 
Yes 4.5 73.8 a 75.5 a 2.35 c 873 ab 
No 0 4.3 b 2 b 3.15 ab 14.5 d 
No 2.2 5.8 b 3.5 b 2.72 bc 696 ab 
No 4.5 12.5 b 9 b 2.81 bc 1039 a 
          
LSD  12.6  14.1  0.77  420  
aA two-way interaction of flooding and atrazine rate was significant (P < 0.05) 
bAbbreviations: DAP, days after planting; Mg, megagrams 








Table 9. Atrazine dose and measured concentration, soybean injury, and yield from a field site in 
Knoxville, TN in 2014a 
Flooded 
Atrazine dose  
Soybean Injury Soybean 
yield 
Atrazine conc. 
28 DAP 42 DAP 0 DAP 
kg ha-1 ----------------------%---------------------- Mg ha-1   µg kg-1 
Yes 0 0 d 0 c 3.6 a 98 c 
Yes 2.2 7 b 4 b 3.5 a 249 c 
Yes 4.5 8 b 5.5 b 3.6 a 346 c 
No 0 0 d 0 c 3.5 a 4 c 
No 2.2 5 c 4 b 3.4 a 1297 b 
No 4.5 9.5 a 7 a 3.3 a 3989 a 
          
LSD  1.4  2.2  0.56  605  
aA two-way interaction of flooding and atrazine rate was significant (P < 0.05) 
bAbbreviations: DAP, days after planting; Mg, megagrams 
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Abstract 
Atrazine is the second most used herbicide globally for weed control in corn. Recently, 
reports that atrazine no longer offers consistent residual weed control have increased. A 
greenhouse study was designed to evaluate the effect of enhanced atrazine degradation on 
cucumber and soybean germination and injury. Details of atrazine persistence as it relates to the 
injury of sensitive crops is of great value to producers as they seek information to aid in decision 
making. There were no differences of visual injury, germination rate, or total plant biomass 
between atrazine history and non-history soils. Time allowed (d) for microbial degradation was 
significant for soybean and cucumber injury and above ground biomass, which was expected. It 
is likely that the lack of difference in atrazine history and non-history soils was due to 
experimental error, including over-irrigation of soils after herbicide applications or cross-
contamination of microbes when preparing the experiment. Future research should utilize 
wicking irrigation to avoid both over- and under-watering of pots, and more strict standard 





Nomenclature: Atrazine, Glycine max L. Merr., Zea mays L. 






 Atrazine is one of the most widely used herbicides globally, second only to glyphosate. It 
provides both PRE and POST weed control in corn, sorghum, and sugarcane. The longevity of 
atrazine in soil is a primary attribute that allows persistent weed control for producers. This 
persistence has also led to concern of atrazine carryover within crop fields causing injury and 
yield loss (Anderson 1970, Burnside and Wicks 1980, Frank 1966, Wu 1980). In the last decade, 
reports of enhanced atrazine degradation have increased. This soil condition, brought about by 
repeat applications of atrazine, reduces the persistence of atrazine by as much as 40 times 
compared to non-adapted soils (Krutz et al. 2010a, 2010b, Mueller et al. 2010, 2017, Shaner et 
al. 2007, Shaner and Henry 2007). This enhanced degradation has resulted in less residual weed 
control from atrazine, but little work has been done to associate enhanced degradation with 
reduced atrazine carryover. Greenhouse studies were designed to examine the effect of atrazine 
dissipation in history and non-history soils on soybean and cucumber injury. The objective of 
this research is to provide producers with information on the possibility of planting sensitive 
species after atrazine applications 
 
Materials and Methods 
Soil Sample Collection. This experiment utilized soils from three Midwestern states (Iowa, 
Illinois, and Pennsylvania) (Table 10). The study was designed as a completely randomized 
design with 4 replications of each treatment. Since degradation of triazines is reliant upon 
microbial populations and activity within the soil, soil sample collection and handling was 
conducted in a way to preserve soil microbial population and activity. Co-operators from IA, IL, 
and PA collected soil samples following a well-defined protocol. Soils were only taken from 





either 0 or 5+ years of consecutive atrazine application were used. Soils were collected from a 
depth of 0 to 8 cm, and stored at 4 C until treatment. All soils were shipped overnight to 
Knoxville, TN for analysis. Subsamples of each soil were then boxed and sent to MidWest Labs 
of Omaha, Nebraska for analysis of soil nutrient levels, OM, pH, texture, and other 
characteristics. Soils were then placed into Styrofoam cups and irrigated until field capacity was 
reached. This was to prevent differences in moisture content from affecting the herbicide 
application. Pots were allowed to drain for 24 hours prior to atrazine application. 
 
Application and Storage. Preceding atrazine application, untreated checks were placed into a 
freezer at -15 C. Aatrex 4L was then applied at 4.68 L ha-1. Applications were made using a half 
rate and spraying across pots twice, once from either side, to ensure optimal coverage of the soil 
surface. Atrazine applications were made using a 4-nozzle CO2 handheld boom spraying at 187 
L ha-1. After atrazine applications were made, all pots were placed on a greenhouse table and 
irrigated (2.54 cm) for activation of the herbicide. Treated pots were then either placed into the 
freezer at -15 C, or on a greenhouse table. At intervals of 0, 7, 14, and 28 days after treatment 
(DAT), treated pots were removed from the freezer, allowed to thaw, and placed in the 
greenhouse under irrigation to maintain a moist soil environment. This was to allow the microbes 
to become active and begin to degrade any atrazine present within pots. At 29 DAT, all pots 
including untreated controls were planted with 5 of each cucumber and soybean seeds to act as a 
biological indicated for atrazine within soils (Camper 1986, Conklin and Lym 2013). Planting 






Data Collection and Analysis. At 7 days after planting, germination rate was counted and crop 
injury ratings were taken on a 0 to 100% basis with 0% indicating no injury and 100% indicating 
complete plant necrosis. All ratings were taken compared to a non-treated control. At 14 DAP, 
visual ratings of cucumber and soybean were again taken, then total aboveground biomass in g 
was collected for each pot. All data was analyzed using SAS PROC GLIMMIX (SAS® Institute 
Inc., v. 9.4) to compare atrazine history, state, and DAT to crop injury.  
 
Results and Discussion 
Soybean Germination and Injury. Atrazine history main effect was not different for all soils 
examined (P > 0.05). DAT main effect was different when examining soybean injury for all soils 
examined (P < 0.02) (Table 10). At 7 DAP, all treatments had > 80% of soybeans emerge. Visual 
ratings confirm that injury to soybean plants that emerged varied across time. Pots removed from 
the freezer immediately prior to planting showed > 20% visual injury with symptoms typical of 
PSII herbicides such as interveinal chlorosis and yellowing (Ashton 1965). Injury in pots given 7 
to 28 d for microbial degradation ranged from 7 to 9%. At 14 DAP, injury in 0 DAT pots 
increased to over 36% while injury in 7 and 14 DAT pots remained the same. Pots removed from 
the freezer at 28 DAT had already begun to recover by 14 DAP with only 3% visual injury 
recorded. All soybean injury was < 20% with the exception of 0 DAT pots, and measurable yield 
loss would not be expected (Browde et al. 1994).  
 
Cucumber Germination and Injury. Again atrazine history main effect was not different for 
any variables examined (P > 0.05). The DAT main effect was significant for cucumber injury at 





DAT pots had noticeable cucumber injury by 7 DAP at <10%. All other pots had no detectible 
injury to cucumber plants at 7 DAP. At 14 DAP, again only 0 DAP pots had significant injury, 
this time at > 50%, which could lead to potentially large yield losses (Gilreath et al. 2001). 
Overall combined fresh plant biomass for 0 DAT pots was significantly lower than all other 
timings (Table 11). This was expected as microbial degradation should be limited under frozen 
conditions. 
The lack of differences between history and non-history soils in regard to cucumber and 
soybean germination, injury, and biomass may be due to experimental error, including over-
irrigation of soils after herbicide applications or cross-contamination of microbes when preparing 
the experiment. By irrigating too much, atrazine may have been leached deep enough into the 
pots that bioassay species were not able to access it. Cross contamination of soils during 
experiment prep, spraying, or transporting may have resulted in atrazine degrading microbial 
populations being transferred between history and non-history pots (Sylvia et al. 2005). Future 
research should utilize wicking irrigation to avoid both over- and under-watering of pots, and 
more strict standard operating procedures to ensure cross-contamination does not occur. This 
experiment was able to show that though the freezing of soils, microbial activity can be 
inhibited, which will in turn affect the rate of atrazine dissipation in soil. 
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 7 DAP 14 DAP 
  (n) ----------%---------- 
Cucumber UTC 4 a 0 b 0 b 
 0 4 a 9 a 51 a 
 7 4 a 0 b 0 b 
 14 4 a 0 b 1 b 
 28 4 a 0 b 0 b 
        
Soybean UTC 4 a 0 c 0 d 
 0 4 a 21 a 36 a 
 7 4 a 11 b 10 b 
 14 4 a 7 b 6 bc 
 28 4 a 9 b 3 cd 
                
aMeans sharing a letter within columns are not significantly different 
according to Fisher's protected LSD (P < 0.05) 
bAbbreviations: DAP, days after planting; DAT, days after treatment; 









Untreated Control 7.1 a 
0 5.3 b 
7 7 a 
14 7.2 a 
28 7.4 a 
      
aMeans sharing a letter are not significantly different according 
to Fisher's protected LSD (P < 0.05) 
























Enhanced atrazine degradation was variable across the U.S., but present in 15 out of 16 
states tested. From a weed control perspective, increased use of other herbicides due in part to 
the evolution of herbicide resistant weeds may have masked the decreasing efficacy of atrazine 
in producer’s fields. The widespread adoption of glyphosate- and glufosinate-resistant corn may 
also have contributed to masking decreased weed control provided by atrazine. The average half-
life for atrazine in history soils is only 2.3 DAT compared to 14.5 DAT in non-history soils. Our 
results for history soils are similar to the findings in previous literature, but our findings 
regarding atrazine half-life in no-history soils is significantly shorter than previously reported.  
While atrazine will remain a viable POST option for producers in the fight to control 
herbicide resistant weeds, the residual control once afforded by this herbicide has been 
diminished. Enhanced degradation could, however, alleviate some concern regarding the fate of 
atrazine within non-target environments. In adapted soils, simazine will no longer provide a 
viable option for PRE weed control. Alternatively, it is encouraging that metribuzin remains a 
viable option for PRE weed control, as the advance of ALS- and PPO-resistant weeds have 
severely limited the ability of producers to effectively control glyphosate resistant weeds, 
particularly in soybeans. Going forward, metribuzin should be considered as a viable option 
when looking to incorporate a PSII herbicide into a resistance management plan. Given the large 
number of variables that play a role in determining biologically-mediated herbicide degradation, 
future research should focus on better understanding the degradation of triazines under a variety 
of field conditions. Factors including irrigation, fertilization, other pesticide use, and tillage 





enhanced triazine degradation as many of these factors are known to play a role in preferential 
microbial degradation. 
A better understanding of the microbes which degrade atrazine may also provide insight 
into the future of atrazine use patterns in production agriculture, as well as the use of these 
microbes for tasks such as soil remediation. Newer metabolic pathways for atrazine degradation 
should be studied in greater depth, and a system developed to relate the presence of specific 
microorganisms and their abundance to the rate of enhanced atrazine degradation. 
Data from atrazine flooding experiments indicate that it is possible to plant back 
soybeans after flooding in atrazine treated fields with no yield loss. Situations other than 
flooding, including late freezes, hail damage, and herbicide drift scenarios often occur when 
producers may wish to replant soybeans. This data also indicates that planting soybeans after 
atrazine may be possible in non-flooded soils as well. While some minor soybean injury may 
occur, it will not be unlike injury thresholds that producers experience when utilizing PPO 
herbicides such as fomesafen in soybeans. The observed injury also did not affect overall 
soybean yields. These results show that current atrazine replanting restrictions may be too long. 
The absence of differences between history and non-history soils in regard to cucumber 
and soybean germination, injury, and biomass in bioassay studies is likely due to experimental 
error, including over-irrigation of soils after herbicide applications or cross-contamination of 
microbes when preparing the experiment. By irrigating too much, atrazine may have been 
leached deep enough into the pots that bioassay species were not able to access it. Cross 
contamination of soils during experiment prep, spraying, or transporting may have resulted in 
atrazine degrading microbial populations being transferred between history and non-history pots. 





and more strict standard operating procedures to ensure cross-contamination does not occur. This 
experiment was able to show that though the freezing of soils, microbial activity can be 
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